Public Research Institutes (PRIs) were established for many reasons, such as to promote defence related research and health related research. Helping domestic industries remains one of the important missions for public research institutes even when the countries have industrialized and firms' technological capabilities are high. PRIs aim to upgrade existing industries, especially SMEs, as well as spearheading new ones. They can conduct research to solve today's problems of existing industries and those of next generation technologies which might lead to creation of new industries. Moreover, relationship between PRIs and firms and non-firm actors like universities became more intense, open, horizontal, international, and longer term. To reduce risk and uncertainty inherent in research mentioned above, intermediary roles of PRIs are increasingly important. The emphasis and the ways PRIs help industry change over time and vary across countries as they are integral part of national innovation systems. This makes generalization difficult, but the experiences of five leading PRIs in Germany, Taiwan, Japan, Australia, and the US shows that, the balances between contract research vs. longer term research with own initiative, mobility of researchers vs. retaining core researchers, and competitive grants and funds from industry vs. block grants from government are important to keep PRIs relevant to industry needs and maintain research standards. The governance of PRIs is of particular importance to maintain proper balances.
Introduction
Public Research Institutes are one of the important actors in many national innovation systems. However, compared to universities, the actor on which many research has been done, it has attracted rather limited attention of innovation scholars. In this paper, we investigate the roles of five prominent PRIs whose mission is to support technological development of industry in their national innovation systems. 1 The role of PRIs is often described by themselves as the actor that helps technology to cross the valley of death, or fills the gap between basic research and development. A hub of a national innovation system is also another favourite phrase. It might be the case that there is a need to do further research to make early stage technology usable for industrial production in many national innovation systems of advanced countries where industry is capable of conducting advanced research by themselves and one cannot assume that PRI's research capabilities are higher than those of the industry anymore. It might be the case, again, that intermediating actors is not sufficient even in national innovation systems accompanied by well-developed market economy. With the increasing speed of technological change, growing need for wider research base, and increasingly intense global competition, industry might find it useful if PRIs can help their research and development.
However, how to operationalize these concepts into actual design and operational procedure of PRIs is the most important task. Without this, these are simply catch-phrases to rationalize whatever PRIs and their researchers are currently doing. Each national innovation system has unique characteristics, and unique evolutionary process. Therefore, PRIs in each national innovation system has its own role, unique way to fulfil its functions mentioned above, reflecting the different characteristics of national innovation systems.
To answer this important question, we studied five world renowned PRIs; Fraunhofer-Gesellschft (FhG) in Germany, National Institute of Standards and Technology (NIST) in the United States, National Institute of Advanced Industrial Science and Technology (AIST) in Japan, Commonwealth Scientific and Industrial Research Organisation (CSIRO) in Australia, and Industrial Technology Research Institute (ITRI) in Taiwan, to understand mechanisms to make PRIs effective instrument for innovation. These PRIs were selected because they were globally recognized, long established, large and had an explicit mission to help industries and located in typical industrialized countries. Indepth and semi-structured interviews of these five institutes were conducted during September 2013 to February 2016. Secondary data were also collected from institutes' reports and previous studies.
The article is set out as below. Section 2 review previous literature on PRIs. Section 3 examines the roles and evolution of five case-studied PRIs. Based on these case studies, Section 4 discusses crucial aspects concerning strategies and management of PRIs in industrialized countries: research agenda setting, finance, attracting and managing researchers, intermediating roles, and performance evaluation. Finally, conclusion and policy implications for other PRIs in industrialized countries will be highlighted in Section 5.
Review of literature on roles of public research institutes
Public research institutes are quite diverse within and across countries. Their activities vary widely according to their mission and type. Some perform "blue sky" science or basic research that often has a long time horizon and carries high risks with uncertain returns, while others focus on more short term market-oriented research, development work, problem solving and technical assistance (OECD, 2011) . In our study, we focused those PRIs whose main mission is to promote innovation in private sector. Although large and famous PRIs like National Institutes of Health (NIH) and defence-related PRIs in the US, that conduct massive, basic, mission oriented research have substantial spillover effect (including human resource development and spin off), they are not included in our study.
As mentioned before, research on PRIs is rather limited compared to that on universities. However, there are a few interesting early research on PRIs. According to Bell(1993) , United States during the catch-up period, PRIs accounted only 15% of all R&D scientific professionals in the early 1920s, and 6 per cent in the mid-1940s. PRIs originated and grew 'incrementally' in response to industry's industrial and technology demands. Later, when the US was closer or at technological frontiers, more PRIs were set up in new areas like aerospace, defence, and telecommunications and some of these institutes started to research on areas relatively independent to industry.
In latecomer industrializing countries, Intarakumnerd (2011) illustrated that there are two groups: the more successful and the less successful. The national innovation systems of the first group of latecomer countries are strong and coherent, and have led to intensive technological learning. The PRIs in these countries, the so-called 'Model A' have played an important role as knowledge brokers in this learning process by facilitating the upgrading of indigenous technological and innovative capabilities 'within' firms. In a nutshell, they behaved similarly to those in advanced countries in the past when they were in the catch-up phase. The national innovation systems of the second group of latecomer countries, in contrast, are weak and fragmented, which has caused these countries to lag behind in the race to catch-up. The PRIs in this so-called 'Model B' have tried to create technological capabilities 'on behalf of firms', but have largely failed to transfer these capabilities due to the limitations of a linear model of innovation. Experiences of PRIs in advanced countries and those under model A of latecomer or industrializing countries demonstrate the PRIs play important roles not only in creating new knowledge and transfer to firms, but also helping firms to identify, evaluate, assimilate, and upgrade technologies already existed elsewhere.
In both industrialized and successful latecomer countries, PRIs can play important roles not only in creating new knowledge and transfer to firms, but also acting as 'intermediaries'. Lente et al. (2003) consider PRIs as a new type of intermediary organization that functions at a system or network level, in contrast to traditional intermediary organizations that operate mainly bilaterally. These 'systemic intermediaries' are important for long-term and complex changes, such as the transition to sustainable development, that require more systemic efforts to articulate needs and options, the alignment of relevant actors and the support of learning processes. More specifically, Dodgson and Bessant (1996) proposed that PRIs can perform particular activities bridging the demand (user needs) and the supply side (resources) in innovation processes, such as articulation of specific needs and bridging links with outside knowledge system. As nature of innovation is more open today, roles of PRIs in linking various actors such as users, producers, and other stakeholders can be expected even more. In short, PRIs can help to solve 'systemic failures' that might slow down or even block interactive learning in innovation systems. More recently, based on surveys and 12 cases studies of public research institutes, Organization for Economic Cooperation and Development (OECD, 2011) identified important trends. Some of them are similar to issues identified by Rush et al. (1995) Country-level evidence highlighted the strong focus on applied research. Nonetheless, broader public-oriented missions appeared more common than industry-oriented one. There were also increases in 'trans and multi-disciplinary sciences'.
• Structures and governance have evolved to engage more stakeholders. Public research institutes tried to adopt more business-like operational models and public-private partnerships, and increased openness and market responsiveness.
• Funding has become increasing competitive. Block' grants from government were conditioned by performance. Public research institutes have to rely more on 'competitive' channels of funds, and incomes from industry and abroad. In essence, funding issues demand instruments which balance short-and long-term goals and requirements of different users, uphold research quality and ensure sustainability of activities.
• Human resources remain major input but public research institutes are facing considerable challenges in recruiting, maintaining, rewarding and motivating research staff.
• Linkages with other players and internationalization have increased.
'Personal interaction' is important for both linkages with universities and firms.
• Effective steering and governance is essential to ensuring relevance of public research institutes. Evaluation of performance against stated goals of increases autonomy, collaboration and responsiveness to stake holder should be encouraged.
